Plants mediate carbon into most ecosystems and are thus under persistent attack by diverse enemies. The evolution of defense against such assaults will depend on the availability of genetic variation, as well as the costs and constraints on defense. We estimated the magnitude of genetic variation for defense against spittlebug (Philaenus spumarius) herbivory in Mimulus guttatus using a diallel cross-grown in a greenhouse. Except for flowering time, additive genetic variation for the plant traits we measured was negligible, regardless of herbivory environment. In contrast, nonadditive genetic variation contributed significantly to all plant traits measured. We found significant additive genetic variation among plants for biomass of adult spittlebugs, suggesting heritability for resistance to herbivory. The other putative resistance trait measured, spittlebug maturation time, was not significantly heritable. We found no evidence for significant genetic variation for tolerance to herbivory except for a small nonnuclear paternal contribution to tolerance for flower number. Additive genetic correlations indicated that more resistant plant genotypes (in terms of adult spittlebug biomass) were also smaller in the absence of spittlebugs, suggesting a potential cost of resistance to herbivory. We found no other significant genetic correlations indicating a cost of defense, nor did we find evidence for a tradeoff between resistance and tolerance to herbivory. Overall, these results suggest the future adaptive evolution of tolerance to spittlebugs in this population will be limited primarily by available genetic variation, whereas the future evolution of antibiosis resistance may be constrained by allocation costs of resistance.
Introduction
Plants are the primary source of carbon and energy for most other organisms, and as a consequence, they are under persistent attack by natural enemies. A wide variety of strategies for limiting the impact of consumers can be found among plants. These defense phenotypes have been broadly categorized into two forms. 'Resistance' includes traits that limit enemy attack (antixenosis) or performance (antibiosis), whereas 'tolerance' describes traits that affect the performance of plants under attack (Strauss and Agrawal, 1999) .
In general, some form of defense is expected to evolve in response to attack by an enemy if there is a fitness cost exacted by the attack. In the absence of genetic variation for traits conferring resistance or tolerance, however, defense will not evolve. In addition, the evolution of defensive traits may be constrained if their development requires resources that would otherwise contribute toward growth or reproduction (Strauss et al., 2002) . Under such circumstances some specialization in defense strategy is expected (van der Meijden et al., 1988) . Selection for tolerance, for example, is expected to be weak on a highly resistant genotype, because the two forms of defense are considered to be redundant (Fineblum and Rausher, 1995) . The evolution of defense, therefore, can be constrained by low genetic variation or by genetic correlations with other traits on which selection acts in opposition.
A number of earlier studies have contributed toward our understanding of genetic variation and constraints in herbivore defense by using clonal (Marquis, 1990; Wise, 2007) or half-sib (Maddox and Root, 1987; Fornoni et al., 2003) experimental designs (reviewed in Berenbaum and Zangerl, 1992; Kennedy and Barbour, 1992) . These approaches, however, cannot partition genetic variation from most nonadditive sources, such as epistatic or dominance variation, or non-nuclear parental effects (Lynch and Walsh, 1998) . Any substantial contribution by these other sources of genetic variation could inflate the estimate of heritability in such studies and lead to misinterpretation of the potential response of traits to natural selection. Nonadditive genetic variation for defense is routinely reported for crop species (Soper et al., 1984; Wilson, 1990; Dhliwayo et al., 2005) , but very few studies of defense in natural systems have used experimental designs that can reveal nonadditive genetic variation (but see Simms and Rausher, 1987; Juenger and Bergelson, 2000) .
We used a diallel breeding design to estimate genetic variation and constraints on the evolution of resistance (antibiosis) and tolerance to herbivory by spittlebugs (Philaenus spumarius L., Cercopidae:Homoptera) in a population of yellow monkey flower (Mimulus guttatus DC, Phrymaceae, formerly Scrophulariaceae). The primary aims of our study were (1) to estimate the magnitude of additive and nonadditive genetic components of resistance and tolerance to spittlebug herbivory, (2) to test for constraints on the evolution of defense by estimating genetic correlations between defense and plant fitness components and (3) to test for constraints on defense strategies by estimating the genetic correlation between resistance and tolerance.
Materials and methods
Study system M. guttatus is an herb native to open, wet habitats throughout much of western North America. It produces many perfect yellow flowers that are typically paired at nodes along erect racemes. Each flower can produce several hundred seeds. M. guttatus is an annual, except in some sites that remain wet year-round, where it can persist throughout the year and spread rhizomatously (Dole, 1992) . The mating system of M. guttatus varies from approximately 75% selfing (t ¼ 0.25) to complete outcrossing (t ¼ 1.0), with a species mean tE0.6 (Ritland and Ritland, 1989; Dudash and Ritland, 1991; Willis, 1993) . Inbreeding depression is commonly observed in M. guttatus (Carr and Dudash, 1996; Carr and Eubanks, 2002; Ivey et al. 2004) . Voucher specimens of native plants from the population studied herein (M13: Napa County, California, USA, 38133 0 N, 122122 0 W) are housed in the Illinois Natural History Survey herbarium.
The meadow spittlebug, P. spumarius, is a widespread generalist herbivore that feeds on xylem (Weaver and King, 1954) . Spittlebugs were the most abundant herbivore species in our coastal California study sites. Infested plants typically hosted 1-2 spittlebug nymphs, and fewer than half of plants hosted spittlebugs (CT Ivey and DE Carr, personal observation) . A single spittlebug nymph can exact significant costs to the survival and reproductive success of M. guttatus in the field (Ivey et al., 2004) . Because spittlebug attack is costly to plant fitness and attack rates are variable among plants, the potential for some mechanism of defense to evolve seems likely. We were not aware of specific traits that confer antibiosis resistance or tolerance to spittlebug attack in M. guttatus, instead, we characterized defense phenotype (resistance and tolerance) using plant and insect performance traits (see below). The spittlebugs used in this experiment originated from a population in Marin County, CA, USA (38107 0 N, 122156 0 W).
Diallel design
One plant was grown from each of 15 seed families collected at the native site. These 15 parental plants were hand-pollinated in a complete diallel design, in which each parent served as both male and female in all possible pairwise crosses. Flowers serving as pollen recipients were emasculated in bud to prevent selfpollination. A single anther from flowers serving as pollen donors was pressed into the stigma of pollen recipient to perform hand-pollinations. Each fruit matured resulted in several hundred full-sibling seeds. Approximately 50 seeds from each cross were sown into separate 71-mm pots, from which 12 emerging seedlings were randomly chosen to include in the diallel experiment, resulting in a total of 2700 plants. Seedlings were transplanted at the cotyledon stage into individual 71-mm pots. Two plants from each cross were randomly assigned to positions within each of six greenhouse benches (blocks), and one plant from each pair was randomly assigned to receive a second instar spittlebug nymph. Spittlebugs were applied to plants during the rosette stage, which is the developmental stage of M. guttatus during early spring when spittlebug colonization typically occurs. Spittlebugs generally began to feed on plants within minutes of application, and they were allowed to feed until they emerged as adults. Adult spittlebugs were collected at emergence, dried at 50 1C for 2 days, and weighed on a Cahn C-31 microbalance to the nearest 0.001 mg. We recorded the number of days after transplanting when each plant opened its first flower (days to first flower, DFF). After all spittlebugs had been collected, we counted the number of flowers produced by each plant. In addition, all above-ground plant biomass was dried to constant weight at 50 1C and weighed to the nearest 0.01 g.
Analyses
To correct for heteroskedasticity, plant and insect biomass data were natural log-transformed and count data (DFF, number of flowers and number of days to spittlebug maturation) were squareroot transformed before the analyses. The effect of spittlebugs on plant biomass and flower number was evaluated using mixedmodel analysis of variance in which dam and block were random effects and herbivory treatment was the fixed effect. Plant performance (number of flowers and plant biomass) was used to estimate plant tolerance (T) to herbivory as T ¼ D-U, where D ¼ fitness of the damaged plant and U ¼ fitness of the undamaged plant (Strauss and Agrawal, 1999) . Negative values thus suggest a fitness cost to herbivory, whereas positive values indicate overcompensation. T was calculated for each full-sib pair from each cross within a block, and transformed fitness values were used in calculations to account for differences among families in absolute fitness values. This estimate of tolerance is thus comparable to the proportional fitness of damaged plants (for example, Strauss and Agrawal, 1999) . DFF was not used in tolerance calculations because this trait was not significantly altered by spittlebug herbivory (see below).
To estimate plant resistance to spittlebug herbivory, we measured insect performance (number of days to emergence and adult biomass), which we interpreted as reflecting antibiosis components of plant resistance (Painter, 1958) . Plants on which insects took longer to mature or on which insects were smaller at maturity were considered to be more resistant.
For each of the six plant traits (three traits measured in each of two herbivory environments), the two insect performance traits, as well as the two tolerance measures, we estimated the magnitude of variation attributable to five genetic sources. This was accomplished by partitioning phenotypic variation into its causal genetic components following the 'bio' model of Cockerham and Weir (1977) . The five sources of genetic variation include additive effects of genes (V A ), dominance (V D ), nonnuclear maternal effects (V M ), non-nuclear paternal effects (V P ) and nuclear Â extranuclear interactions between parents (V I ). The remaining variation observed was attributed to random environmental effects (V E ). We calculated narrow-sense heritability as h 2 ¼ V A /V T , where V T is total phenotypic variance. We partitioned phenotypic variance into the genetic components, using a computer program written by RG Shaw and FH Shaw (Quercus: see http://www.cbs.umn.edu/eeb/events/ quercus.shtml) that uses restricted maximum-likelihood generalized linear models. To test whether the variance components contributed significantly to the observed phenotypic variation, we constrained each component estimate in turn to 0, reran the model and compared the resulting likelihood values using a log-likelihood ratio test. Two times the difference between the log-likelihood for the constrained model and that for the full model was compared with a w 2 distribution with df ¼ 1 (Shaw, 1987) . We constructed bivariate models in Quercus to estimate genetic covariances, from which we inferred genetic costs and tradeoffs associated with herbivory defense. For all bivariate models, we constrained to 0 any variance components estimated as 0 in the univariate models. The significance of covariance estimates was evaluated using log-likelihood ratio tests. To examine the cost of tolerance, we calculated the genetic correlation between estimates of tolerance (T) and the corresponding performance trait on control plants. To evaluate a cost of resistance, we calculated genetic correlations between insect performance traits and the performance of control plants. For models testing the cost of resistance, we constrained the environmental covariance to 0, because the measurements involved different plants. We tested for tradeoffs between tolerance and resistance by calculating the genetic correlation between the two estimates of T and the two insect performance traits.
We constructed two additional bivariate models to examine genetic correlations in plant performance between the control and spittlebug environments. A genetic correlation ¼ 1 in these models would mean that the performance of plant genotypes is ranked equally regardless of spittlebug attack, which suggests no genetic variation in tolerance to herbivory. A genetic correlation o1 indicates a genotype Â environment interaction and can be interpreted as evidence for genetic variation in tolerance to herbivory. Environmental covariances for these models were constrained to 0, because the traits were measured on different plants (Lynch and Walsh, 1998) .
Results
Spittlebugs reduced flower number by 9% (Table 1 ; F 1, 2443 ¼ 30.0, Po0.0001), plant biomass by 17% (Table 1; F 1, 2444 ¼ 82.7, Po0.0001), but had no significant effect on the number of days to first flower (Table 1 ; F 1, 2441 ¼ 0.02, P ¼ 0.9). Coefficients of variation were highest for flower number and plant biomass, and were not strongly affected by herbivory treatment (Table 1) . Insect performance traits and flowering time had lower variability.
We found substantial narrow-sense heritability (h 2 ) for the number of days to first flower, of a similar magnitude for both control plants and those infested with spittlebugs ( Table 2) . Estimates of h 2 for flower number and plant biomass, on the other hand, were not significantly different from zero, regardless of herbivory environment. Non-nuclear maternal effects, on the other hand, contributed significantly to variation in flower number and plant biomass for plants grown in either spittlebug environments. Non-nuclear paternal effects were the largest source of nonenvironmental variation in flower number among control plants, although this was not a significant source of variation in plants attacked by spittlebugs. Interactions between nuclear and cytoplasmic genes were a small, but significant proportion of phenotypic variation in nearly all plant performance traits. ) Â 100. **Po0.01, ***Po0.001, ****Po0.0001 in a log-likelihood ratio test against 0.
Genetic variation for herbivory defense in Mimulus

CT Ivey et al
No significant proportion of the variation that we observed in emergence time among spittlebugs could be attributed to the genetic sources we partitioned (Table 3) . In contrast, we found evidence for significant h 2 for adult spittlebug biomass, which suggests significant heritability for resistance to herbivory in M. guttatus.
Phenotypic variation in tolerance (T: measured as damagedÀundamaged plant performance) was relatively high, ranging from À3.47 to 3.78 for plant biomass and almost twice that, from À6.07 to 4.69, for flower number. Nonetheless, we found no significant additive genetic variation among plants in T, in either measure of plant performance. Non-nuclear paternal effects, however, provided a small, but significant contribution to variation in tolerance based on flower number (Table 3) .
Low additive genetic variation in plant performance traits may have limited our power to detect significant additive genetic correlations between traits. Nonetheless, Percentage of phenotypic variance attributed to sources of genetic variation for the performance of Philaenus spumarius insects feeding on Mimulus guttatus (antibiosis resistance) grown in a diallel design, and for plant tolerance (herbivore-control performance measurements) to insect damage with respect to plant biomass and flower number. Note that the additive component represents narrow-sense heritability (h 2 ) Â 100. *Po0.05, **Po0.01 in a log-likelihood ratio test against 0. Figure 1 Scatterplots between insect performance, in terms of insect maturation time (a and b) and adult insect biomass (c and d) and plant fitness components, in terms of biomass (a and c) and flower number (b and d) from a diallel breeding design of Mimulus guttatus grown in a greenhouse with and without spittlebug (Philaenus spumarius) nymphs. Insect performance reflects plant antibiosis resistance to herbivory, thus a significant negative (a and b) or positive (c and d) genetic correlation would suggest that the evolution of resistance would be constrained. For illustration, sire breeding values are shown; these were calculated as two times the difference between the sire's mean progeny performance minus that of the overall population (Falconer, 1981) . Note that estimates of sire breeding values include some nonadditive sources of genetic variation that were controlled during restricted maximum-likelihood estimation of additive genetic correlations (inset).
Genetic variation for herbivory defense in Mimulus CT Ivey et al some informative trends emerged. We found marginally significant additive genetic correlations between plant performance (biomass) and insect performance (maturation time and biomass at maturity) (Figure 1 ). The smallest plant genotypes, for example, were those on which spittlebugs took longest to mature (Figure 1a ) and those same genotypes produced the smallest spittlebugs (Figure 1c ). This may indicate that plant genotypes with greater antibiosis resistance to spittlebugs suffer a fitness cost in terms of biomass.
We found no evidence for a cost of tolerance to herbivory, as measured by the additive genetic correlation between the performance of control plants and tolerance (Figure 2) . Maximum-likelihood estimates of additive genetic correlations between tolerance and plant biomass or flower number were both nonsignificant and positive, whereas if tolerance were costly they would be expected to be significantly negative. Genetic correlations due to nonadditive effects, however, may contribute to constraints on the evolution of tolerance. For example, the correlation between tolerance and plant performance with respect to flower number due to nonnuclear paternal effects was strongly negative (r ¼ À1.0, P ¼ 0.003; Figure 2b ), suggesting that costs of tolerance may be reflected in the characteristics of the pollen donor.
We estimated the additive genetic correlations between plant performance traits across spittlebug environments as a second test for additive genetic variation for tolerance to herbivory. The correlations that we observed were strongly positive and 95% confidence intervals for the correlations overlapped one in both cases (Figure 3) , which reinforces our previous result of low additive genetic variation for T (Table 3) . A likelihood-ratio test, however, failed to reject the hypothesis that r ¼ 0, for either correlation (Figure 3) , which contradicts the Figure 2 Scatterplots between tolerance to herbivory (calculated as the difference in plant performance between infested and control plants) and performance of control plants with respect to plant biomass (a) and flower number (b). A significant negative genetic correlation would suggest that the evolution of tolerance is constrained by allocation costs. Mimulus guttatus plants were bred in a diallel design, and grown in a greenhouse with and without spittlebug (Philaenus spumarius) nymphs. For illustration, sire breeding values are shown; these were calculated as two times the difference between the sire's mean progeny performance minus that of the overall population (Falconer, 1981) . Note that estimates of sire breeding values include some nonadditive sources of genetic variation that were controlled during restricted maximum-likelihood estimation of additive genetic correlations (inset). Figure 3 Scatterplots between performance of Mimulus guttatus plants in terms of plant biomass (a) and flower number (b) when grown with or without spittlebug (Philaenus spumarius) nymphs. For illustration, sire breeding values are shown; these were calculated as two times the difference between the sire's mean progeny performance minus that of the overall population (Falconer, 1981) . Note that estimates of sire breeding values include some nonadditive sources of genetic variation that were controlled during restricted maximum-likelihood estimation of additive genetic correlations (inset). Approximate standard errors for correlation coefficients are 0.002 and 0.005 for plant biomass and flower number, respectively; confidence intervals (95%) for estimates of additive genetic correlation overlapped r ¼ 1.0 in both cases. See Results for further discussion.
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We tested for a tradeoff between defensive strategies to herbivory (tolerance vs resistance) by examining genetic correlations between tolerance and insect performance (Figure 4) . Additive genetic correlations between spittlebug maturation time and tolerance were not statistically significant, nor were genetic correlations between adult spittlebug biomass and tolerance.
Discussion
Although we found variation for defense against spittlebug herbivory in M. guttatus, there was little evidence that this variation was genetically based. We found significant heritability for spittlebug biomass, indicating additive genetic variation among plants in resources provided to spittlebugs. Variation in insect performance among plants can reflect variation among plants in resistance to herbivory (Painter, 1958) . We also found low, but significant non-nuclear paternal genetic variation for tolerance to herbivory as measured by the difference in flower number between infested and control plants. Nonnuclear paternal effects in plants can stem from a variety of sources, including male gametophytic contributions to endosperm, paternally inherited cytoplasmic genes (for example, cpDNA: Chat et al., 1999) , or environmentally induced influences on gene expression or pollen performance (Galloway, 2001) ; our experiment was not designed to discriminate among these various possibilities. To our knowledge, this is the first study to report nonadditive paternal genetic variation for plant tolerance to herbivory, although substantial reciprocal specific genetic effects for resistance have been reported for some crops (Wilson, 1990; Dhliwayo et al., 2005) . With the exception of these two components, however, none of the sources of genetic variation that we examined contributed significantly to the phenotypic variation in defense.
We did not identify traits responsible for herbivore defense in the plants, and instead characterized plant defense indirectly through traits associated with size, fecundity and phenology of plants or insects. Fisher (1930) predicted that life history traits would have little additive genetic variation because of their strong effects on fitness. None of the traits that we measured, except Figure 4 Scatterplots between insect performance, in terms of insect maturation time (a and b) and adult insect biomass (c and d), and tolerance to herbivory (calculated as the difference in plant performance between infested and control plants) with respect to plant biomass (a and c) and flower number (b and d). Insect performance reflects plant antibiosis resistance to herbivory, thus a significant negative (a and b) or positive (c and d) genetic correlation would suggest that a trade-off between the two forms of defense constrains their evolution. Mimulus guttatus plants were bred in a diallel design, and grown in a greenhouse with and without spittlebug (Philaenus spumarius) nymphs. For illustration, sire breeding values are shown; these were calculated as two times the difference between the sire's mean progeny performance minus that of the overall population (Falconer, 1981) . Note that estimates of sire breeding values include some nonadditive sources of genetic variation that were controlled during restricted maximum-likelihood estimation of additive genetic correlations (inset).
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CT Ivey et al flowering time and resistance (measured as insect biomass), had any detectable additive genetic variation, which is consistent with Fisher's (1930) prediction. These results mirror a review of 26 studies estimating h 2 in plant life history traits in which phenological traits were found to have, on average, higher h 2 than fecundity or size traits (Mazer and LeBuhn, 1999) .
Although heritability was low in most traits measured, the distribution of nonadditive genetic variation in defense traits contrasted with that of the other plant life history traits. Among the defense traits, only one nonadditive component was found to explain a significant proportion of the variation observed (toleranceflower number), whereas genetic variation due to nonnuclear maternal effects, paternal effects and nuclear Â cytoplasmic gene interactions explained a significant amount of phenotypic variation in flowering time, flower number, as well as plant biomass. Depending on the type of effect and its influence on the trait, nonadditive sources of genetic variation such as these can constrain adaptive evolution through generational time lags in response to selection or responses that oppose the direction of selection (Mazer and Gorchov, 1996) . Traits under both cytoplasmic and nuclear genetic control, for example, will have a much slower response to selection if there is a negative genetic correlation between the different effects (Roach and Wulff, 1987 ). An illustrative study of Chamaecrista fasciculata found that interactions between cytoplasmic and nuclear genes influenced seed weight, plant size and fitness in ways that contrasted with nuclear genomic effects and likely limited the plant's adaptive response to local environmental conditions (Galloway and Fenster, 1999) . Nonadditive sources of genetic variation may be maintained in traits by fitness effects, by nonreciprocal environment-dependent gene expression, selection among parental lines or other mechanisms (discussed by Mazer and Gorchov, 1996) . These nonadditive sources of variation would have been impossible to observe without the diallel breeding design that we used; moreover, with a clonal or nested half-sib design, we would have overestimated the magnitude of heritability in our traits (Lynch and Walsh, 1998) . Interestingly, another study involving a different population of M. guttatus also reported within-population nonadditive genetic variation for the same traits (Carr et al., 2006) , which indicates that complex genetic effects for such traits may be more widespread than previously appreciated. In addition, there was some evidence for environment-dependent expression of nonadditive genetic variation; the presence of spittlebugs reduced the magnitude of nonadditive genetic variation in flower number (Table 2) , which suggests that herbivory could dampen the influence of nonadditive genetic variation on natural selection for this trait. In any case, our estimates of genetic variation in tolerance were certainly influenced by the genetic architecture of these underlying traits. Overall, a majority of the phenotypic variation in both tolerance and resistance that we observed, as well as that of the life history traits that we measured, was maintained by environmental sources of variation, which is notable given that the study was conducted in a greenhouse, where environmental variation is expected to be lower than in the field. Environmental conditions can have a strong influence on estimates of genetic variation, and studies conducted in a greenhouse do not always mirror results from a more natural setting.
Although there was phenotypic variation in tolerance, we found no evidence for additive genetic variation in this trait. Genetic variation for herbivory tolerance, however, has been reported for a number of other plant species (Strauss and Agrawal, 1999; Nú ñ ez-Farfán et al., 2007) , and genetic variation for other traits in M. guttatus is often substantial (Carr and Fenster, 1994; Robertson et al., 1994; Fishman et al., 2002) , including other forms of phenotypic plasticity (Murren et al., 2006) . Carr et al. (2006) , on the other hand, found little evidence for genetic control of tolerance to Cucumber mosaic virus in a different population of M. guttatus. The low additive genetic variation for tolerance to spittlebug herbivory in the population we studied would limit its adaptive evolution, even under strong selection. Low levels of additive genetic variation can indicate that selection on a trait has been strong in the past. This would be consistent with Roy and Kirchner's (2000) model of the evolution of tolerance to pathogens; in this model, traits conferring tolerance are expected to sweep to fixation and maintain their advantage through time, because such traits would not affect the prevalence or fitness of the pathogen. This model, however, does not include costs of tolerance, whereas such costs have been reported in other studies of tolerance to herbivory (Stowe et al., 2000) . We also found no evidence for dominance variation for tolerance, even though previous experiments, involving this population as well as others, reported considerable variation among families in the response of tolerance to experimental self-fertilization (Carr and Eubanks, 2002; Ivey et al., 2004) . The lack of significant dominance variation for tolerance in our diallel cross suggests that these earlier observations were due to mutations unique to family lines (Schultz and Willis, 1995) .
We found modest, but significant additive genetic variation among plant genotypes in spittlebug performance (biomass at maturity), which suggests significant heritability for antibiosis resistance. Sire breeding values of spittlebug mass at maturity ranged from 0.78 to 1.14 mg, which reflects plant genotypic differences in resources provided to spittlebugs. Phenotypic variation in spittlebug mass at maturity ranged nearly fivefold among individual plants. M. guttatus resistance strategies against spittlebugs may also involve antixenosis or traits that influence herbivore preference (for example, Holeski, 2007) , although that was not measured in this study.
Plant genotypes that produced smaller spittlebugs (that is, more resistant genotypes) had lower biomass in the absence of spittlebugs, suggesting a fitness cost to resistance. Plant biomass is correlated with total seed mass in natural populations of M. guttatus in northern California (0.68o ro0.80; Fenster and Ritland, 1994) . This genetic correlation may, therefore, constrain the adaptive evolution of resistance to spittlebugs in this population. A positive genetic correlation between control plant size and adult spittlebug size likely reflects the role of plant vigor in spittlebug growth. Vigor has long been recognized to affect plant defense. The plant vigor hypothesis of herbivore resistance (Price, 1991; Hull-Sanders and Eubanks, 2005) , for example, predicts herbivore performance to be higher on more vigorous, high-performing plants, which we observed in the positive genetic correlation between size of control plants and spittlebug size. We also found a strong negative additive genetic correlation (r ¼ À0.99, P ¼ 0.055) between spittlebug development time and size at maturity, which indicated that spittlebugs reared on the smallest (most resistant) plant genotypes were not only smaller but also took longer to mature. We did not find evidence for a fitness benefit of resistance, in that the genetic correlations between spittlebug performance and plant performance in the presence of spittlebugs were not significantly different from zero (data not shown), although such a relationship might be more likely to be observed in field conditions. In contrast to the results for resistance, we found no evidence for a cost of tolerance, based on genetic correlations between tolerance and performance of control plants. Although the genetic correlations between tolerance and plant performance with spittlebugs were positive, as expected if tolerance were adaptive, these were not significantly different from zero. Note, however, that the low additive genetic variation that we observed for tolerance probably limited our power to detect significant genetic correlations. In fact, the only significant genetic variance component that we detected for tolerance was a small paternal effect, and the paternal genetic correlation between tolerance and flower number in control plants was significantly negative, as expected, if tolerance were costly. This suggests that environmental or non-nuclear genetic characteristics of sires that improve tolerance could be constrained by a fitness disadvantage with respect to paternal influences on flower number.
We found no evidence for a tradeoff between tolerance and resistance to spittlebugs in this population. A tradeoff between resistance and tolerance is expected when investment in defense strategies has negative fitness consequences, due to redundancy (van der Meijden et al., 1988) . Our results suggest that any fitness costs of tolerance and resistance are not equivalent in M. guttatus, which would limit the opportunity for tradeoffs to arise. Similarly, Carr et al. (2006) found no evidence for tradeoffs between tolerance and resistance to Cucumber mosaic virus in M. guttatus. The potential costs that we examined were presumably associated with constraints on resource allocation to other functions, specifically growth or reproduction. Limited evidence for significant genetic correlations between these strategies could indicate that variation in resource acquisition is a more important constraint than variation in allocation to defense (Houle, 1991) . Ecological costs, imposed by interactions with other species, may also constrain defense evolution (Strauss et al., 2002) . Alternatively, defense against spittlebugs in M. guttatus might not be constrained by tradeoffs between tolerance and resistance. A meta-analysis of 31 studies, involving both crops and wild species, found that the genetic correlation between tolerance and resistance did not differ significantly from zero, suggesting that generalized strategies involving both forms of defense may be common (Leimu and Koricheva, 2006) . Indeed, Fornoni et al. (2004) showed that a mixed defense strategy, in which resources are allocated to both tolerance and resistance, can be evolutionarily stable where costs of defense vary spatially (see also Nú ñ ez- Farfán et al., 2007) .
In conclusion, our results suggest that M. guttatus has very little available genetic variation for evolving defense against spittlebug herbivory, despite fairly wide phenotypic variation in resistance and tolerance. Increased tolerance to spittlebug herbivory would not likely evolve in M. guttatus due to limited additive genetic variation. Furthermore, increased resistance is unlikely to evolve because of both limited genetic variations and due to high allocation costs for this form of defense. We found no evidence that tolerance and resistance represent mutually exclusive defense strategies, however, suggesting that genetic correlation between tolerance and resistance does not restrict the evolution of a mixed defense strategy (Mauricio, 2000; Nú ñ ez-Farfán et al., 2007; Stevens et al., 2007) .
